ABSTRACT
zones. Two mechanisms contribute to sound in the shadow zone: diffraction and turbulent scattering of sound. Diffractive effects can be pronounced at lower frequencies but are small at high frequencies. In the short wavelength limit, then, scattering due to turbulence should be the predominant mechanism involved in producing the sound levels measured in shadow zones. No existing analytical method includes turbulence effects in the prediction of sound pressure levels in upward refractive shadow zones.
In order to obtain quantitative average sound pressure level predictions, a numerical simulation of the effect of atmospheric turbulence on sound propagation is performed. The simulation is based on scattering from randomly distributed scattering centers Cturbules"). Sound pressure levels are computed for many realizations of a turbulent atmosphere. Predictions from the numerical simulation are compared with INTRODUCTION Solar heating of the ground produces strong temperature gradients in the air just above the surface of the Earth. Since the speed of sound is proportional to the square root of the temperature, sound will follow upwardly curved paths in every direction from a source. The stronger the temperature gradients involved, the shorter the distance to what is properly called a shadow zone, since no direct or reflected rays can penetrate into this region. Figure 1 is an illustration of an upward refractive shadow zone where the source is at a height h s and the radius of curvature of the limiting ray is R e. The edge of the shadow zone is delineated by the so-called limiting ray which grazes the ground.
In a similar fashion, sound traveling upwind is curved upwards due to the strong wind gradients near the ground and a shadow zone is also formed. In the case of wind, however, the effect is not isotropic because of the vector nature of the wind velocity and the rays are actually bent downward for the sound propagating downwind. 
where <tx2> is the variance and L is the correlation length, then the size spectrum is a delta function implying that all the turbules have the same size,
The value of qi for this particular form of the correlation function is given by
and is inversely proportional to the turbule number density PN-An upper value of PN of about half the overlap density is necessary so that the turbules will be separate entities. With single scattering, sound scattered from a particular turbule reaches the receiver downfield with negligible scattering by other turbules located between that particular turbule and the receiver. From Eq. (4) the product q2pN is a constant whose value depends on the independently measured micrometeorological variables <l.t2> and L.
There is, therefore, a certain latitude in the value of PN" Decreasing PN will result in a greater value for
Iqil. Although a lesser number of turbules result from a decrease of PN, the predictions of the numerical simulation are statistically steady as the turbule number density is decreased from an upper limit of half the overlap density.
Initially in the development of the simulation, the first Born approximation to scattering was used to determine the scattering effect of each turbule. In practice, the evaluation of the scattering integral is performed by assuming that both source and receiver are far away from the scattering region; thus fn'st order terms in the phase are sufficient. Because some of the turbules in the numerical simulation are close to the source or receiver, second order terms in the phase were kept in the scattering integral.
The total pressure at a receiver downfield is, then, the sum of the direct and scattered spherical waves. For only one turbule in free space, this is:
where
and a ks2 1)
In the above equation, k is the wavenumber, s is the effective size of the turbule, O 0 is the angle between the incident and scattered directions, R is the distance between source and receiver, while rst is the distance between source and turbule center, and rtr is the distance between turbule center and receiver.
Note that the usual Born scattering term is recovered when a = 0 and the first term in Eq. (6) is dropped.
Even with this improved evaluation of the Born scattering integral, the distance from turbule to source or receiver cannot be less than about twice the radius of the turbule. Consequently, "buffers" of a turbule's diameter were placed in front of the source and receiver where no turbules were allowed.
The numerical simulation using the first Born approximation to scattering was then compared to theoretical expressions due to Karavainikov 8 for the log-amplitude and phase variances of the pressure fluctuations. It was found that good agreement was reached whenever the wave parameter D (=R/kL 2) was greater than 1. As shown in Fig. 3 , the log-amplitude variances as predicted by Karavainikov are independent of frequency when D < 1, a result also obtained by Bergmann using geometrical optics.
In an effort to reach better agreement in the geometrical optics region, the Rytov approximation used by Karavainikov was incorporated into the numerical simulation. The Rytov method consists of approximating the field at the receiver by
whereas the Born approximation is written:
There is a simple relationship between the first Rytov and first Born approximations:
and it was, therefore, a simple matter to incorporate the first Rytov approximation into the numerical simulation. Theresultsareshownin Fig. 4 andgoodagreement is obtainedthroughout the rangeof the waveparameter D.
As canbeseenfrom the abovecomparisons with Karavainikov'sanalyticcurves,the first Rytov approximationis superiorto thefirst Born approximation for anunbounded mediumwithoutrefraction. Whenrefractiveconditionsareinlroduced,however,theformationof shadowzonesbecomes possible.In the shadowzones, P0is 0 andtheira'stRytov approximation cannotbeused. Recourse mustbemadeto thefirst Bornapproximationandthewaveparameter D mustbegreater than1 for thenumericalsimulation to bevalid in accordance with theresultsof Fig. 3 .
Thenext stepis theinclusionof theground. An immediateconsequence of the existence of a boundaryis the presence of threeadditionalpaths by which sound can propagate to the receiver. There now exist four single scatter paths that connect the source and receiver:
1. source-turbule-receiver, 2. source-turbule-ground-receiver, 3. source-ground-turbule-receiver, 4. source-ground-turbule-ground-receiver.
The last three paths all interact with the ground and, therefore, a model of the effect of the ground on the sound wave was also included in the numerical simulation.
The algorithm proceeds as follows.
Values of <_t2> and L are given from independent micrometeorological measurements. From these, the value of s and qi are obtained using the above equations.
A scattering space, which will enclose thousands of turbules, is defined with buffers in front of the source and receivers of widths equal to about the diameter of a turbule. The turbules are assigned positive o r negative signs for their value of qi. The sound pressure at the receiver is calculated for this particular arrangement of turbules, and the result is referred to as a realization. Then each turbule is given random, small increments in its Cartesian coordinates. The sound pressure at the receiver is recalculated, resulting in another realization. The process is repeated for as many realizations as are necessary for the statistics to stabilize. We have found that 500 realizations are sufficient. Average sound pressure levels can then be obtained from the 500 stored values of the sound pressure. It should be mentioned that any other desired statistical quantity can be obtained, such as structure and correlation functions, as well as the variances of the log-amplitude and phase fluctuations.
The inclusion of a sound speed gradient requires two modifications: the rays are now curved and the value of the wavenumber k is no longer constant along a ray. In order to obtain a closed form solution for the equation describing the rays, a linear sound speed gradient was assumed.
As is well known, a consequence of this assumption is that the ray paths are arcs of circles.
Because of the curvature of the ray paths, each path must be tested to see whether the source and each turbule can be joined together, as well as each turbule and the receiver. If either segment of the total path cannot be linked, that particular turbule's contribution is discarded. It was found that about 15% of the turbules were eliminated in this way for the experimental data to be described later.
The last correction necessary is the calculation of an effective wavenumber k e for each ray path.
This required the computation of the length of each path, as well as the travel time along that path. Their ratio gaveaneffectivesoundspeedcealongthatpath,andtheeffectivewavenumber wasthengivenby 
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